treatment comparisons, where a comparison was the reported yield difference between sprayed and unsprayed treatments of a given cultivar in a given test. Parameters used to calculate the economic benefit or loss associated with fungicide application included a grain price range of $73.49 to $257.21 Mg -1 ($2 to $7 bu -1 ), a total fungicide application cost of $24.71 to $74.13 ha respectively). The yield increase needed to pay for a fungicide application at each combination of cost and price was calculated, and the cumulative probability function for the fungicide yieldresponse data was modeled. The model was used to predict the probability of achieving a breakeven yield, and the probabilities were graphed against each cost*price combination. Tests were categorized as "no-disease" or "diseased" based on reports of the researchers rating the tests.
Subsets of the data were analyzed to assess the profitability of the triazole fungicide and the strobilurin-containing fungicides separately in no-disease vs. diseased experiments. From the results, it was concluded that with routine fungicide application based solely on wheat growth stage, total fungicide application costs had to be below $24.71 ha -1 ($10 acre -1 ) in order to
In the last few years, there has been increased controversy over whether fungicides should be applied to field crops in the absence of disease (1, 14) . Controversy escalated when the U.S. Environmental Protection Agency granted a supplemental label for the use of Headline fungicide (BASF Corporation, Research Triangle Park, NC; active ingredient = pyraclostrobin)
for plant health (7) .
Strobilurin fungicides inhibit respiration by blocking mitochondrial electron transport in fungi and plants (19) ; in plants, they also increase nitrate reductase activity (16) . Strobilurins produce physiological changes in wheat (Triticum aestivum) and barley (Hordeum vulgare)
plants, including intensified greening and delayed senescence (16, 17, 30) , that have been attributed to inhibition of ethylene biosynthesis (17) and anti-oxidant activity (30,31).
Strobilurins have been found to significantly increase the amount of nitrogen in above-ground winter wheat parts, including grain (26), and to improve the water-use efficiency (WUE) of wellwatered wheat plants but worsen the WUE of drought-stressed wheat plants (19) .
Epoxiconazole, a triazole, was also found to delay senescence and increase the activity of antioxidants (30,31).
It has been claimed that strobilurin fungicides provide a significant yield boost under low or absent disease pressure. According to Dr. Eric Tedford of Syngenta Crop Protection (Greensboro, NC), applications of azoxystrobin + propiconazole (formulated as Quilt, Syngenta
Crop Protection, Greensboro, NC) on wheat resulted in increases as compared to untreated check treatments of 0. were profitable when applied to the most disease-resistant cultivars under high disease pressure, but not under low disease pressure, and that fungicide applications to susceptible cultivars should always be recommended.
For wheat as well as other crops, fungicide applications are often recommended on a "regularly scheduled" or "preventive" basis (e.g.,7), regardless of disease occurrence. One of the most commonly recommended application timings is from Zadoks growth stage (GS) 30 to 40
(pseudostem erection to boot stage), a timing often too early to judge whether common diseases in the region will reach economic thresholds if left untreated. The present analysis was conducted in order to synthesize available data from publicly sponsored fungicide trials with soft winter wheat in Virginia and North Carolina. We sought to determine whether the evidence supports fungicide applications as profitable in the absence of disease.
MATERIALS AND METHODS
Fungicide trials. We analyzed data from all available fungicide field tests (n = 42) conducted by university or cooperative extension researchers with various soft red winter wheat cultivars over the period 1994 to 2010 in Virginia and North Carolina (Table 1) . Geographically, the tests were mainly located in the Coastal Plain and Tidewater areas of the two states, with six sites in the Piedmont (Fig. 1) . The number of cultivars used in a test ranged from one to 32, and the number of fungicides used in a test ranged from one to five (Table 1) . Not all combinations of fungicide and cultivar were present in each test.
Our analysis was conducted on "comparisons," where each comparison was the reported yield difference between sprayed and unsprayed treatments of a given cultivar in a given test.
There were a total of 311 test*cultivar*fungicide-treatment comparisons ( Initially, the full dataset (n = 311) was analyzed using JMP (SAS Institute, Cary, NC).
The cumulative probability function for the fungicide yield-response data was modeled, and the resulting model was used to predict the probability of achieving each break-even yield shown in Table 4 . These probabilities were then graphed against each cost*price combination. Various subsets of the full dataset were further analyzed in this same way in order to explore the economics of strobilurin or propiconazole application in non-diseased or diseased environments.
An alternative analytical approach, the random-effects meta-analysis, would have been advantageous, particularly because each test would have been weighted according to its variance.
However, for about one-third of the tests (13 of 42), including most of those conducted in Virginia, there was no way to estimate the pooled sample variance from the published results.
We judged it preferable to include more datasets and use the present approach.
RESULTS

Virginia tests.
Results from tests 1 to 19 (those conducted in Virginia) have been previously described in detail (see Table 1 for citations). For each location, the diseases present and their severity as reported by the authors are shown in Table 1 . Based on these reports, we categorized eight of the tests as "no-disease" and the remaining Virginia tests as "diseased" (Table 1) .
North Carolina tests. Tests 20 to 42 were conducted in North Carolina and the results
have not been previously published. Diseases present and their severity at each location are shown in Table 1 . Nine of the 23 tests were categorized as "no-disease." ANOVA for these tests (Tables 5 and 6 , eXtra file) showed that the main effect of fungicide treatment, or the interaction of fungicide with one of the other treatment factors, was significant in five of the 23 tests (tests 26, 30, 33, 34, 35, and 42). Least-square means for the fungicide treatments (and their separation for the five tests with significant differences) are shown in Table 7 (eXtra file).
Yield response to fungicides across both levels of disease. Across all 311
comparisons, the yield response to fungicide was highly variable (Fig. 2A) (9) , and the test had no disease (Table 1) .
Across comparisons at both levels of disease and involving all fungicides, none of the grain prices considered was high enough to create a ≥50% probability of breaking even at the lowest total application cost of $24.71 ha -1 when using a 27.4-m applicator (Fig. 2B ). For example, at a grain price of $183.72 Mg -1 and a total application cost of $37.07 ha -1 , the probability of breaking even was only about 40%. If an 18.3-m applicator was used to apply the fungicide, none of the cost*grain-price combinations considered resulted in a ≥50% probability of breaking even. Specifically, these breakeven probabilities ranged from 5% for a total Magnolia, which was susceptible to powdery mildew and moderately susceptible to leaf rust (11) , but this was a no-disease environment (Table 1) . Based on these data, the probabilities of breaking even with strobilurin applications (applied with a 27.4-m sprayer) are given in Fig. 3B .
The results are similar to the full dataset (Fig. 2B) , with none of the considered grain prices being high enough to result in ≥50% probability of breaking even or making a profit at any of the cost*grain-price combinations considered. When an 18.3-m sprayer was used, none of the cost*grain-price combinations resulted in ≥50% probability of breaking even.
There were 140 comparisons involving application of only propiconazole, and the mean yield response was 0.32 Mg ha -1 (Fig. 3C) . The highest and lowest responses were described above for Fig. 2A . Probabilities of breaking even or making a profit (Fig. 3D ) when using a 27.4-m sprayer were similar to those described above for strobilurins (Fig. 3B) . However, at the lowest application cost of $24.7 ha -1 and the highest grain price of $257.21 Mg -1 , the probability of breaking even just reached 50%. When an 18.3-m sprayer was used, none of the cost*grainprice combinations resulted in ≥50% probability of breaking even.
Yield response to fungicides in no-disease tests. Across all tests, the yield response to strobilurin application was very similar to that found when only propiconazole was applied (Figs.
3A and 3C), with each fungicide type resulting in an average yield gain of about 0.3 Mg ha -1 . To further explore this result, tests categorized as "no-disease" were considered separately from the full dataset. There were 71 no-disease comparisons that included a strobilurin and 80
propiconazole-only no-disease comparisons (Fig. 4) . For the strobilurins (Fig. 4A) , the highest yield response in these no-disease tests was 0.59 Mg ha -1 reported from the North Carolina Piedmont (test #42, Fig. 1 When only propiconazole was applied in no-disease tests (n = 80, Fig. 4B ), the mean yield response (0.15 Mg ha -1 ) was slightly higher than that found in the strobilurin tests (Fig.   4A ). However, the variability in yield response to propiconazole (Fig. 4B) was greater than the variability of yield response to strobilurins (Fig. 4A) propiconazole was too small to pay for itself at current grain prices and total application costs (Table 4) .
Yield response to fungicides in tests with foliar disease. After removing the no-disease tests described above (and test #24 for which there was no information on disease level), there were 100 comparisons remaining that involved a strobilurin applied in the presence of foliar Fig. 5A ). Not surprisingly, these included the highest yield responses reported in Fig. 3A , and had an average yield response of 0.44 Mg ha -1 . Under these conditions, applying a strobilurin resulted in a ≥50% probability of breaking even or making a profit in just under half the cost*grain-price combinations considered (area in grey, Fig. 5B ) when using a 27.4-m-wide applicator. For example, at a grain price of $184 Mg -1 , total application costs of ≤ $47 ha -1 resulted in a ≥50% probability of breaking even or making a profit (Fig. 5B) . Probabilities of breaking even when using an 18.3-m-wide sprayer were between 1 and 7% lower at each cost*grain-price combination than those shown in Fig. 5B .
There were 58 "diseased" comparisons for propiconazole-only, with a resulting average yield increase of 0.57 Mg ha -1 (Fig. 5C ). Once again, the highest yield responses shown in Fig.   3C were included in the propiconazole subset of the data (Fig. 3C ). In this propiconazole/disease subset of the entire dataset, 69% of the cost*grain-price combinations resulted in a ≥50% probability of breaking even or making a profit (Fig. 5D ) when using a 27.4-m applicator. For example, at a grain price of $184 Mg -1 , total application costs of ≤$72 ha -1 resulted in a ≥50% probability of breaking even or making a profit (Fig. 5D ). Probabilities of breaking even when using a 18.3-m-wide sprayer were between 3 and 5% lower at each cost*grain-price combination than those shown in Fig. 5D .
DISCUSSION
Our analysis sought to evaluate the claim that applying a strobilurin fungicide to winter wheat would increase yield and profitability even in the absence of disease. Specifically, we estimated the probability of reaching or exceeding the economic break-even point when applying fungicide to wheat crops in Virginia and North Carolina in the presence or absence of disease, using either an 18.3-or 27.4-m-wide ground applicator. The analysis demonstrated that at the range of wheat prices common for the past decade in those two states, breakeven probabilities of ≥50% were difficult to attain unless there was disease pressure.
We chose to use ground application in our analysis because fungicides were applied in each of the 42 tests in our dataset either by tractor-drawn sprayer, Hi-Boy applicator, or backpack sprayer. Aerial application avoids the yield loss associated with tire-tracking through wheat after GS 30, and at least in theory should therefore improve the probabilities of breaking even at a given cost*grain-price combination, compared to ground application. However, foliar surface-area coverage and resulting efficacy may differ between the two methods. If that is the case, the yield response to fungicides may not be the same for aerial and ground application, and we were therefore not comfortable generalizing the results from our dataset to aerial application.
The probabilities in Figs. 2B, 3B, and 3D are applicable to a regime of spraying on a growth-stage basis, without regard to disease thresholds. In these figures, it can be seen that for mean wheat prices in North Carolina and Virginia ($128.24 Mg -1 ), total application costs would have to be lower than $24.71 ha -1 in order to average a ≥50% probability of breaking even or making a profit as compared to not spraying.
At least part of the reason that calendar-based fungicide application is not profitable is apparently the very low yield response in disease-free environments (~0.13 Mg ha -1 ). Our analysis does not support the claim that, on average, strobilurin fungicides result in significant yield increases when disease is absent. In fact, there was little difference in the yield response of strobilurins compared to propiconazole-only treatments in no-disease tests. Clearly, in terms of increased yield (and perhaps plant health) in the absence of disease, the strobilurins did not appear to behave differently from propiconazole. The small yield increases associated with fungicide in environments without disease may explain why the overall fungicide responses reported in Figs. 2 and 3 are not greater than ~0 .32 Mg ha -1 and are so similar across fungicide chemistries. It should also be noted that a 50% probability of breaking even or making a profit is a low standard, and some producers may desire better odds.
By contrast, the probabilities in Figs. 5B and 5D correspond to a regime of using disease thresholds (even subjective ones, i.e., the observation of substantial disease, leaving aside specific quantitative levels) to trigger fungicide application decisions. In this case, total application costs of ≤$47 ha -1 for strobilurins or ≤$72 ha -1 for propiconazole-only can be expected to produce a ≥50% probability of breaking even or making a profit at a wheat price of
What is the relationship between our analysis and economic damage thresholds? In Table 1 , we have applied the footnote "g" to the notes under "Diseases present, reported severity" where disease levels appear to have exceeded published thresholds (29). We estimate that 20 of the 24 diseased tests had disease levels over the threshold at which fungicide application would have been recommended, while four may not have. Of course, we are not able to specifically relate disease level to growth stage. Nevertheless, we believe the majority of the diseased tests in this analysis had epidemics over economic-damage thresholds.
It is sometimes argued that results regarding "plant health" benefits from fungicides will be biased in research plots, because benefits should be greater in commercial fields than in smaller plots. Measures such as fungicides and host plant resistance that reduce the rate of development of epidemics initiated from foci, such as rusts and powdery mildews, may have larger effects when they are implemented over larger spatial scales (15) . However, to our knowledge, there are as yet no peer-reviewed, published studies addressing whether fungicides applied in the absence of disease confer larger yield boosts over larger spatial scales.
Clearly, the data used for this analysis were a collection of what was available, rather than the results of a single, planned experiment. Not all five fungicides were used at each site, nor were the fungicides applied at the same rates or at the same growth stages in each experiment. Additionally, wheat cultivars were not chosen randomly in most of the published tests used. Instead, investigators often deliberately selected wheat cultivars that were susceptible to at least one common foliar disease, and many test locations were selected because foliar disease pressure tended to be high there. As the goal of these tests was to compare disease control among fungicides, the non-random selection of cultivars and locations made sense.
However, it introduced a bias into the analysis we performed. Specifically, the yield responses to fungicides reported here are likely higher than those observed by the average wheat producer (who selects cultivars with high yield potential, some of which have moderate or high disease resistance). It is also possible that fungicide effects would be different in commercial fields than in experimental plots due to different agronomic practices and/or scale effects of epidemic behavior.
Nevertheless, our results point to the conclusion that fungicide application to soft red winter wheat in no-disease environments will rarely be economical. Indeed, the practice of scouting for the presence of disease, and only applying fungicide if warranted by disease, appears critical if an economic return for fungicide application is desired. It should be noted that the present analysis merely makes the case for basing fungicide use on some amount of disease being present. However, disease thresholds are available (e.g., 29) for use in fungicide decisionmaking. These thresholds are specific minimum severities for common fungal diseases which, when attained, may trigger application. We estimate that over-threshold fungal epidemics were present in over 80% of the "diseased" tests in the present study. This suggests that basing fungicide decision-making on empirically established thresholds will maximize profitability.
There are, of course, additional reasons to eliminate unprofitable fungicide application, including reduced probability of selecting for fungicide-resistant pathogen strains (13) , and reduced nontarget effects on beneficial fungi (14) and aquatic life (6,28) . c Price of materials plus the cost of spraying with an 18.3-or 27.4-m-wide ground applicator.
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Fig. 1. Locations in Virginia and
North Carolina of the 42 field tests described in Table 1 in which fungicides were applied to soft red winter wheat plots between 1994 and 2010.
Fig. 2.
All 311 replicated test*wheat cultivar*fungicide-treatment comparisons. A, each vertical bar represents the difference in wheat yield for a cultivar treated and untreated with a fungicide in a single test; a negative value indicates that the unsprayed treatment had higher yield than the fungicide-sprayed treatment. The mean yield response is shown as a horizontal dotted line. B, The probability (%) of breaking even or making a profit based on the 311 comparisons across a range of grain prices and total application costs using a 27.4-m wide sprayer. Combinations of grain price and total application cost that generated a break-even probability >50% are shown in grey.
Fig. 3.
Results by fungicide type. A, each vertical bar represents the difference in wheat yield for a cultivar treated and untreated with a fungicide in 171 replicated comparisons that included a strobilurin. The mean yield response is shown as a horizontal dotted line. B, The probability (%) of breaking even or making a profit based on the 171 comparisons that included a strobilurin across a range of grain prices and total application costs using a 27.4-m wide sprayer. C, As in A, but for 140 replicated comparisons that included only propiconazole. D, As in B, but for the 140 comparisons using propiconazole. Combinations of grain price and total application cost that generated a break-even probability >50% are shown in grey.
Fig. 4.
Results from "no-disease" tests of fungicides and wheat cultivars in Virginia and North Carolina (categorized in Table 1) . A, The difference in wheat yield for a cultivar treated and untreated with a strobilurin fungicide for 71 replicated no-disease comparisons, and B, the difference in wheat yield for a cultivar treated and untreated with the fungicide propiconazole for 80 replicated no-disease comparisons. The mean yield response is shown as a horizontal dotted line in each figure.
Fig. 5.
Results from "diseased" tests of fungicides and wheat cultivars in Virginia and North Carolina (categorized in Table 1) . A, The difference in wheat yield for a cultivar treated and untreated with a strobilurin for each of 100 replicated diseased comparisons. The mean yield response is shown as a horizontal dotted line. B, the probability (%) of breaking even or making a profit based on the 100 diseased comparisons that involved a strobilurin across a range of grain prices and total application costs using a 27.4-m wide sprayer. Combinations of grain price and total application cost that generated a break-even probability >50% are shown in grey. C, As in A, but for 58 replicated diseased comparisons that involved only propiconazole. D, As in B, but for the 58 comparisons using propiconazole in diseased tests.
.
